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FOREWORD 

. 

This report is submitted to  the NASA Manned Space- 

craft Center inaccordance withTaskMSC/TRW A-50.3 Con- 

tract NAS 9 -48 I O .  This report contains the postflight analysis 
performed in conjunction with the flight of Apollo Mission 

6,AS-502, and is issued as a supplement to Section 3, T ra -  

jectory Section, of the Apollo 6 Program Mission Report. 

The report is issued intwo volumes. Volume I contains 

details of the analysis and results obtained, including appen- 

dices. Volume I1 contains a listing, of the "45 Day" best 
estimated trajectory (BET) for the AS-502 mission in the 

NASA Apollo Trajectory (NAT) format which is shownbelow; 

The listing is not generally distributed, but is available from 

NASA/MSC upon request. Requests should be made to: 

NASA/MSC Computations and Analysis Division 
Central Metric Data File 
Code ED-5, Bldg. 12, Room 133 
Houston, Texas 77058 

The listing is in four parts which are identified by time span 

covered and the corresponding accession number. 

Time Span (GET) 

Part I 03:13:21 - 04:07:29 

Part I1 04:07:59 - 07:26:29 
Part I11 07:26:59 - 09:50:18. 6 
Part IV 09:50:20. 6 - 09:57:20. 6 

Accession No. 

06-05923 
06-05924 
06-05925 
06-05926 

iii 
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3. APOLLO MISSION 6, AS-502 TRAJECTORY RECONSTRUCTION 
AND POSTFLIGHT ANALYSIS 

3.1 INTRODUCTION AND SUMMARY 

The Apollo 6 mission was launched from complex 39 A at Cape 

Kennedy, Florida, on 4 April 1966. 
1 2 : O O : O l  Greenwich mean time (GMT) with command service module (CSM) 

guidance reference release (GRR) occurring 1. 15 seconds later. 

Range zero was established at 

Parking 

orbit insertion occurred at 12 minutes 37.04 seconds ground elapsed time 

(GET). Restart of the S-IVB for the second burn failed, and S-IVB/CSM 

separation was effected at 3 hours 14 minutes 27.8 seconds GET. 

alternate mission plan was effected whereby the SPS-1 burn was used to  

inject the spacecraft into a high-apogee, earth-intersecting ellipse. At 

approximately 6 hours 28 minutes 57.05 seconds GET, the spacecraft 

reached an apogee of 12, 019. 57 nautical miles. 

although a preprogrammed ullage occ d. The command module 
entered the earth's atmosphere at approximately 9 hour 
28 seconds GET, and splashdown occurred at approximat 

57 minutes 18 seconds GET. 

An 

There was no SPS-2 burn, 

Figure 3-1 presents the AS-502 mission timeline and tracking cov- 
erage after S-IVB/CSM separation. 

3.2 ASCENT ANALYSIS AND SPS BURN RECONSTRUCTION 

3. 2. 1 Analysis of IMU From Ascent Data  

Analysis of IMU e r r o r s  consists of determining a physically accept- 

able set  of instrument e r r o r s  to bring the trajectory as measured by the 
Apollo IMU into agreement with the best estimate of the actual trajectory 
flown. 

which to choose a standard. 

the S-IVB Instrument Unit (IU) telemetry data. 

evolution from the raw IU data to  a final S-IVB BET designated as Final 

"Observed Mass Point Trajectory, I t  (OMPT), the MSFC BET. The three 

remaining trajectories represent a similar evolution in the processing of 

GLOTRAC radar data. 

During the boost phase there were nine trajectories available from 

Six of these were generated by MSFC from 

These six represented an 

Since valid GLOTRAC data were available to 

3 -'1 



GET (hr.) 

GMT (hr.) 

1 I I i I I I I 
19 20 21 22 15 16 17 18 

Figure 3-1. Tirneline of Major Events and Radar Tracking Coverage 
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compare with Apollo telemetry only during the interval from 26 to 84 sec-  

onds, the Marshall OMPT was initially chosen as BET during boost. 

extensive effort was made to select a reasonable set  of e r r o r  values to 

reduce the Apollo G&N minus OMPT position and velocity residuals to 

reasonable values. 

An 

N o  reasonable set of e r r o r s  was found which effected a good boost 
comparison with this trajectory and also yielded a good state vector com- 

parison at  the end of SPS-I and a t  the same time fitted the entry condi - 
tions within reasonable bounds. 

Further investigation of the evolution of S-IVB IU data processing 
showed that the "Edited S-IVB IU TM" trajectory presented a much more 

realistic measurement of the boost trajectory than did the OMPT, and it 
was decided that the edited IU  TM trajectory was the most feasible BET, 
and the same analysis was  repeated with greater success. 

of this analysis a re  depicted in Table 3-1 .  The total position and velocity 

differences between the corrected Apollo IMU and the edited S-IVB/IU are  

given in Figures 3 - 2  through 3-7 .  A detailed discussion of the IMU eval- 

uation may be found in the E&D-38 final report for Apollo 6 (NAS 9-4801). 

The results 

3. 2. 2 SPS- I Burn Reconstruction 

The trajectory reconstruction from Apollo IMU data which included 

SPS - I was initialized on a state vector from the final OMPT at 

t=11599.85 seconds (GRR). This is approximately 15 seconds prior to the 

attempt at S-IVB restart. The reconstruction extends to t = 12218. 0 sec-  

onds (GRR) which is about 10 seconds after SPS-1 shutdown. This tra- 

jectory is corrected for the IMU e r ro r s  in Table 3-1,  and a state vector 

comparison with the Segment 1 orbital BET (see Section 3. 3. 1) is given 

in Table 3-2.  

The differences between the two determinations represent e r ro r s  
from three independent areas:  (I) the initial state vector from the OMPT, 
(2)  the orbital BET determination, ( 3 )  the determination of the IMU er rors .  
These residuals a r e  somewhat smaller than those obtained after the S-IVB 
second burn on the AS-501 mission because of the improved tracking 

situations . 

3 - 3  



Table 3-1. Apollo 6 IMU E r r o r s  

Err or  Source Derived Er ro r  Magnitude 

Velocity Offset vox -4.66 f t lsec 

P I P A  Bias 

P I P A  Scale Factor 

VOY 

voz 
BX 

BY 

BZ 

XSF 

Y SF 
ZSF 

PI P A  Mi s alignments XYMSL 
XZMSL 

Gyro Bias 

Acceleration 
Qependept 
Gyro Drift 

Platform 
Mi s ali gnm ent 

-0.66 

0. 15 

-194 

500 

173 

-129.0 

-0. 5 

-73.1 

PPM 

43. 3 arc sec 

-55. I 

YXMSL 57. 7 

Y ZMSL 21. 6 

ZXMSL 42. 1 

ZYMSL 3. 9 

XGCDR 

YGGDR 

ZGCDR 

XADIA 

YADIA 

ZADIA 

XADSR 

YADSR 

ZADSR 

XADOA 

YADOA 

ZADOA 

pmx 
P H I Y  
PHIZ 

0.0185 deg/hr 

-0.0245 

-0.0140 

0.0365 

-0.0297 

0.0812 

-0.0086 

-0. 0181 

0.0056 

0.0392 

0.0098 

0.0186 

-0.1 

9.4 

0. 5 

deglhr- g 

arc sec 
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Table 3 - 2 .  SP$-1 Endpoint Conditions (t=12218.0 seconds from GRR) 
APOLLO G&N Platform Coordinates 

IMU Reconstruction Orbital BET A - A(RSS) 

X 4 , 4 5 7 , 4 8 4 . 0  f t  4 , 4 5 6 , 5 0 8 . 0  f t  9 7 6 . 0  f t  

z 2 2 , 2 4 8 , 2 9 3 . 0  2 2 , 2 4 5 ,  7 5 4 . 0  2, 5 3 9 . 0  

V, -28, 5 6 1 . 8 8  f t /sec - 2 8 , 5 6 3 . 6 2  f t /  sec 1 74 f t /  sec 

VY 
v z  

Y 5 3 6 , 9 3 5 . 0  5 3 4 , 4 3 1 . 0  2, 5 0 4 . 0  3 , 6 9 7  f t  

2 1 2 . 3 1  2 1 8 . 3 8  - 6 . 0 7  6 . 6 4  f t /sec 

1 3 , 4 1 7 . 8 9  1 3 , 4 1 9 . 9 5  - 2 . 0 6  

3. 3 ORBIT ANALYSIS 

3.3 .  i Command Service Module Orbital Reconstruction (Coast Phase) 

The command service module trajectory was reconstructed using 

low speed C-band and low speed S-band radar tracking data and the TRW 

Orbit Determination Program (ESPOD). 
ing a best estimate of the trajectory, the CSM orbital phase of the flight 

was divided into three segments as  follows: 

For  the purpose of reconstruct- 

a) Segment 1 : SPS 1 engine cutoff to  19 hours and 
00 minutes GMT (6:59:59 GET) 

b) Segment 2: 19 hours and 00 minutes GMT(6:59:59: GET) to 
21 hours and 10 minutes GMT (9:09:55 GET) 

Segment 3:  21 hours and 10 minutes GMT (9:09:59 GET) to 
entry interface (400, 000 feet) 

c )  

Table 3-3  presents a summary of information pertinent to the recon- 

struction of each of the above mentioned segments. 

Before the reconstruction of each segment is discussed in detail, a 

few assumptions concerning these fits should be stated. 

assumed that all stations are in perfect time synchronization with one 

another unless otherwise noted. Second, it is assumed that all data a re  

time tagged on the receive pulse; thus, the light time correction retards 

the time tag of the data. 

First, it is 

Third, it is assumed that a -0. 028 second timing 

3-11  
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bias added to all tracking data accounts for the difference between UT I 

(tyue universal time) and UTC (universal time coordinated) for 

4 April  1968. 

Information which is too detailed to present in the body of this 

report, but nevertheless has a significant influence on the resulting BET, 
is presented in Appendix B. 
listed below. 

The information found in Appendix B is 

a) A summary of radar observations for the command 
service module from CSM/S-IVB separation to 
entry 

A summary of the station locations used in ESPOD b) 

c)  A summary of drag parameter (CdA/2m) values for 
various phases of the mission 

d )  A table of radar data weights used in ESPOD for 
C-band and S-band radar data 

The coast phase of the flight lasted for a period of more than six 

hours. Attempts were made to f i t  the data from SPSl engine cutoff to the 
initiation of SPS2 ullage using various combinations of C -band and S -band 

low-speed tracking data. However, these fits were not successful. 

It was suggested that unmodeled thrusting due to water boiler vent 

o r  imperfectly coupled RCS thrusting was the reason for the difficulty in 

fitting the coast phase in one segment. 
water boiler vent utilizing the LOP burn model without success 

(Appendix C contains a discussion of the LOP burn model). 

resulted in the decision to represent the coast phase of the flight by three 
f i t  segments. 

Attempts were made to model the 

This failure 

The trajectory for Segment 1 was reconstructed from SPSl engine 

cutoff to 18 hours and 30 minutes GMT using low-speed C-band tracking 

data. 
good. 
18 hours, 29 minutes, and 30 seconds GMT, because it was the suspected 
cause Qf the attitude control system instability. 
determined that it was not affecting the attitude control system, a decision 

was made to leave it off for the remaining portion of the flight. 

The quality of the resulting f i t  which solved on the state vector was  

It should be mentioned that the C-band beacon was turned off at  

Although it was later 

3 - 1 3  
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The residual mean and RMS by station and data type are listed in 

Table 3-4 for Segments I through 3. 

and N is the number of data points for each observation. 

and biases a re  discussed in the next section for all the segments. 

All quantities a re  defined as usual 
Data  anomalies 

The S-band data were not used in Segment I,  because it slightly 

degraded the C-band f i t ,  even though the quality of the S-band data was  

better on this flight than on the Apollo 4 flight. 

tor comparisons between the Segment 1 trajectory and a trajectory result-  

ing from a f i t  of S-band data over the same time period a re  listed in 

Table 3-5 below: 

Some representative vec- 

Table 3 -5. S-band Trajectory Vector Comparisons 
for the Apollo 6 Mission 

Comparison Time 
(hr :min: s e c ) AR ( f t )  AV (fps) 

15: 23 : 00 1854. 0 1. 84 

15:53:00 2454. 0 0. 41 

16:23:00 1351. 0 0. 76 

16:53:00 218. 0 0. 82 

17:23:00 1591. 0 0. 78 

17:53:00 2919. 0 0. 70 

18:23:00 4077. 0 0. 59 

18:28:58. 5 (Apogee) 4372.0 0. 56 

The average difference is 2, 354 feet in total position and 0. 81 foot /  

second in total velocity for the Apollo 6 mission. The average differences 

for the Apollo 4 mission for the same portion of the flight were 9, 729 feet 

and 2. 29 feet per second in total position and velocity respectively. 

The trajectory for Segment 2 represents the portion of the flight that 

was most difficult to reconstruct. 
angle as a function of time as determined by the RTCC (Figure 3-8)  

The plot of the orbit plane inclination 
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indicates that apparently the unmodeled forces acting on the spacecraft had 

the most pronounced effect on the trajectory between 19 hours and 0. 0 min- 

utes GMT to 2 1  hours and 20 minutes GMT. 

the RTCC had to downweight the a priori  covariance matrix of the state 

variables three times during this period. However, since the Carnarvon 

S-band data a r e  the only data available during this troublesome period, 

data anomalies could be clouding the issue. 

Also, it should be noted that 

In order to determine the BET, other data must be incorporated 

into the f i t  in order to avoid a single station CROS fit .  

the f i t  that was most consistent with the Segment i and Segment 3 t ra jec-  
tories would be chosen as  the BET for  Segment 2. 

utilized C-band data and S-band RXY data converted to equivalent RAE 

data and modeled the ullage burn in order to incorporate the post SPS 2 

ullage Guam data into the fit .  See Table 3 - 3  for a summary of this fi t .  

It was decided that 

The f i t  that was chosen 

Due to the high quality of the Segment 1 f i t  , the decision was reached 

to propagate the BET 1 beyond the f i t  span to 19 hours and 00 minutes GMT. 

The Segment 1 and Segment 2 trajectories were compared at  this time. 
The total differences in position and velocity a re  4, 043 feet and 0. 91 feet 

per second, respectively. 
type for Segment 2 a re  found in Table 3-4. 

The residual mean and RMS by station and data 

The Segment 3 trajectory was reconstructed using Carnarvon and 

Guam RXY tracking data which were converted to equivalent RAE data for 

use in the E version of ESPOD. 
which solved on the state variables. 

the limited amount of Guam data seemed noisy. 

The ullage burn was modeled in the f i t  

The data f i t  reasonably well, although 

The Segment 2 trajectory and Segment 3 trajectory were compared 
at  21  hours and 10 minutes GMT. 

velocity a re  1, 709 feet  and 3. 5 3  feet per second, respectively. 

residual mean and RMS by station and data type a re  found in Table 3-4. 

The total differences in position and 
The 
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Table 3-6  lists state vectors corresponding to specific events. The 
quantities tabulated a r e  defined as follows: 

Symbol Definition of Symbols 

LAT Geodetic latitude of the vehicle measured 
positive north of the equator (deg) 

LON Longitude of the vehicle measured positive east  
of the Greenwich meridian (deg) 

BETA Flight -path angle measured positive downward 
f rQm the local vertical (deg) 

AZ Azimuth of the velocity vector measured 
positive east  of true north (deg) 

R Magnitude of the position vector (ft)  

V Magnitude of the velocity vector (ft lsec) 

3. 3. 2 Data Anomalies and Biases 

The following data anomalies were observed by the RTCC during the 

coast phase of the Apollo VI  flight. 

a) Following the SPSI burn ASCCO51 data exhibited 
extremely large angle residuals, (50 degrees and 
24 degrees on the Azimuth and Elevation, respec- 
tively, 
ing a side lobe. 

The site later reported they had been track- 
The data had to  be rejected. 

b) At 3 hours, 50 minutes, and 00 seconds GET ACNS was 
asked to  reacquire range to obtain an independent 
range at high elevation. 

e) At about 3 hours, 53  minutes GET radar track of the 
CSM was lost. Only intermittent data were received 
in Houston. This situation lasted for approximately 
18 minutes. Another acquisition message was forced 
to ACNS and ASCC, and shortly thereafter radar lock 
was reestablished. 
During this period some data were received from 
ACNS labeled destruct mode. 
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At approximately 5 hours 30 minutes GET, CRO was 
asked to hold the C-band data and send their S-band 
data to  Houston. This was done to gain information 
for one more independent system prior to the AGC 
NAV update. 

At 6 hours 29 minutes 30  seconds GET the C-band 
beacon was turned off aboard the CSM. 
that this would clear up a BMAG problem. 
however, the beacon was not turned back on in an effort 
to conserve power. Hence, during the latter part of 
the coast ellipse, only CROS data were received. 

It was hoped 
It did not; 

In addition, the ASCCO3 data were bad from 17 hours, 25 minutes, 

and 54 seconds GMT to 17 hours, 43 minutes, and 12 seconds GMT. A 
similar problem was observed on Apollo 4 flight; the problem has been 
traced to a timing e r r o r  in the range computer. 

The following apparent data biases were observed from Table 3 - 4  
and from single station fits of the data. 

ACNS 

CRQS 

ASCC 

CROC 

A Y-angle bias of 0 . 0 2 3  degree was observed on a single 
station f i t  of ACNS03 data. 

A Y-angle bias of 0. 076 degree was observed on a single 
station f i t  of CROS03 data. 

An average azimuth bias of -0 .0054  degree was observed 
from Table 3-4. 
An average azimuth bias of 0.0 118 degree was observed 
from Table 3-4. 

3 . 3 . 3  Maneuver Analysis 

It was not possible to reconstruct the SPS 1 burn accurately in the 

ESP0.Q program using low-speed C -band tracking data and telemetered 
acceleration information in the form of an acceleration burn tape. 

However, the SPS 2 ullage burn was modeled in the Segment 3 trajectory. 
In order to give the reader some idea of the magnitudes of these burns, 
the following information is tabulated in Table 3-7:  ' 
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The 

The 

The 

The 

The 

maneuver 

time of initiation of the maneuver (GET) 

source of the information 

duration of the maneuver in seconds (At) 

component AV's in Apollo guidance platform 
coordinates (AVx, AVy, AV,) 

The velocity increment (AV) 

The listed velocities have not been corrected for guidance errors .  

3.3.4 S-band Radar Data Weighting 

During the period of time that Carnarvon S-band data were available 

for use by the RTCC, it was necessary to downweight the a priori covar- 

iance matrix of the state variables four times (ASCC 80: 18 hours, 

07 minutes, and 42 seconds; CROS 83: 18 hours, 57 minutes, and 

36 seconds; CROS 85: 19 hours, 45 minutes, and 30 seconds; and CROS 92: 
21  hours, 08 minutes, and 12 seconds). Now unmodeled forces, such as 
water boiler vent and imperfectly coupled RCS thrusting could necessitate 

the downweighting of the a priori covariance matrix. However, there is 

another possible explanation for the downweighting of the a priori covar- 

iance matrix by the RTCC. 

Carnarvon S-band data, and i f  the angle data were weighted too heavily 

with respect to the prime observable (doppler), then the incorrest es t i -  

mate of state based on the biased angles when propagated would lead to an 

inconsistency between the propagated a priori covariance matrix and 

later data. 
iance matrix to f i t  the current data. 

If the X, Y angles were biased on the 

This would force the RTCC to  downweight the a priori covar- 

Now a single station f i t  of Carnarvon S-band data using the noise 
values listed in the Apollo Navigation Working Group (ANWG) document 
indicated an apparent 0. 076-degree bias in the Y-angle. 
the hypothesis described above, fits were made using the following 

three-sigma weighting schemes and assuming that the CROS Y-angle had 
a 0. 076-degree bias: 

In order to  test 
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Range (f t )  X, Y-Angle (m rad) Doppler (cps) 

Data Weighting Set 1: 90. 0 2.4 0. 2 

Data Weighting Set 2: 900.0 I. 8 1. 8 

Data  Weighting Set 3: weighted out 2.4 1. 2 

Data Weighting Set 4: weighted out 2.4 0. 2 

where set  1 is the set  of weights used by A-50 and is based on ANWG, 

set 2 is the set  of weights used by the RTCC for the Apollo 6 mission, 

set  3 is the set  of weights suggested for the Apollo C mission except that 

range is weighted out, and set 4 is a set of weights generated for  purpose 
of this discuss ion. 

The f i t  using set  1 wil l  be the standard of comparison. Table 3-8  

lists the resulting data mean and RMS for the four fits while Table 3-9  

lists the differences in the resulting state vectors at 2 1  hours and 10 min- 
utes GMT. For  Table 3 - 9  the run, which used weighting set  I, will be 

called f i t  1, and etc. 

Table 3-8. Data Mean and RMS 

Weighting Set 

1 

Range 
0 

16. 0 

23. 0 

49. 0 

39. 0 

-2389. 0 

53. 0 

2576.0 

36. 0 

X -Angle 
AkL 
-0.0078 

0.0129 

-0.0016 

0.0285 

0. 0024 

0.0181 

-0.0241 

0.0260 

Y -Angle Doppler 
(deg) (cps) 

-0. 0764 -0. 0231 

0. 0093 0.0974 

0. 0317 0.0127 

0.0080 0. 1985 

0. 0142 -0. 0236 

0.0087 0. 2964 

0.0694 0. 0013 

0.0081 0.0916 

Mean 

RMS 

Me an 

RMS 

Me an 

RIMS 

Mean 

RMS 
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Table 3 -9. Total Position and Velocity Differences 
(21: 1O:OO GMT) 

,Fits Differenced 

Fit 2 - Fit 1 

Fit 3 - Fit I 
Fit 4 - Fit 1 

m, (ft) AV (fps) 

17, 381. 0 15. 63 
21, 065. 0 27.00 

8, 083. 0 5. 94 

IC can be seen in Table 3-8 that f i t  2 has degraded the fit of the 
range, X-angle, and doppler data. Table 3-9  indicates that such a weight- 

ing scheme (set 2) will  produce a significant e r r o r  in the trajectory. 

These r e s d t s  substantiate the hypothesis described above. 

Fit 3 indicates that the third weighting scheme (set  3)  is not strong 
enough to overcome the effect of the bad angles, while f i t  4 shows signifi- 
cant improvement in both residual means and biases and trajectory dif- 

ferences over fits 2 and 3. 

A number of conclusions can be drawn. First, since the S-band 

apgular data bias uncertainties a re  at least four times larger than the 
corresponding C -band angular data bias uncertainties, the doppler data 

which is the prime observable should be weighted so that it can overcome 
the effect of these angles which have a high probability of being bad. 
Second, the range data should be included in the fit but not to such an 

extent that it overrides the doppler data. Third, the S-band weighting 

scheme will be important on the C mission where the only C-band data 

available for the spacecraft will be skin track data. 

3 . 4  RTCC TRAJECTORY COMPARISON 

The state vectors obtained in rea l  time by the RTCC for the 
Apollo 6 miqsion were compared with the Task A-50 best estimate of the 

trajectory at RTCC anchor times from CSM/S-IVB separation to  entry 

interface. 

iv evaluating f i t  procedures for  this and subsequent Apollo missions. 

The purpose of making these comparisons is to aid the RTCC 
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The state vector comparisons are  discussed in this section. Also 

included in the discussion is  a set of special state vector comparisons of 

prime interest to the RTCC. As previously noted, a time bias was added 

to the time tag of the low-speed tracking data to account for the difference 

between UT I and UTC. 
not account for the difference between U T I  and UTC. 
comparisons were made, the BET was adjusted so that the BET and the 

RTCC trajectory were using the same time scale (UTC). 

The real-time orbit determination program does 

However, when the 

Table 3-10 l ists  in detail the data received and processed by the 
the anchor vector max)' RTCC. 

time (GMT), the number of valid points in each batch (No), and an indi- 

cation that the data were either accepted o r  rejected (A/R) is  tabulated, 

An "S'' in the accept/reject column denotes a single station solution, 
while an N indicates the data that were not processed. 

is simply a numbering system used by the RTCC and has no special 

significance. 

was the source of Table 3-10. 

RTCC Comparisons 

The maximum elevation of the pass (E 

The batch number 

. 

The MSC memorandum on the RTCC Mission Data Summary 

A summary of comparisons is  listed in Table 3 - 11. The table lists 

the data used in the fit to obtain the RTCC vector, the RTCC batch number, 

the RTCC anchor time (GMT), the maximum elevation of the pass (Em=), 

the BET segment number, the total difference in position (AR), and the 
total difference in velocity (AN). 

During the f i rs t  4 1/2 hours of the coast ellipse (SPS-1 engine cutoff 
to 20 hours GMT) the RTCC vector comparisons were better on the 

Apollo 6 flight than for  a similiar period of the Apollo 4 flight. On 

Apollo 4, data from Carnarvon were not available until just prior to apogee. 
Therefore, the RTCC vectors which were based on Ascension C-band and 

S-band data were  essentially a result of single station fits. However, on 

Apollo 6 Carnarvon C-band and S-band data and Pretoria C-band data were 

available to the RTCC much earlier. Consequently, the RTCC could 

alternate ACNS, CROC, PREC, ASCC, and CROS data in the fits. This 

procedure results in much better geometry and is reflected in the better 

comparisons. 
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Table 3-10. Summary of R a d a r  Data  for Apollo 6 (Coast  Phase) 

Code 

ANTC 
REDC 

ACNS 

ASCC 
ACNS 
ASCC 

ASCC 

ACNS 
ASCC 

ACNS 
CROC 

PRE C 
ASCC 
ACMS 

CROC 

PRE C 
ASCC 
ACNS 
CROC 
PRE C 

CROS 
ASCC 
ASCC 

CROS 
PRE C 
CROS 

CROC 
ASCC 
CROS 

CROS 

- Batch 

62 

63 

49 
51 
52 

55 

57 

58 

59 

60 

61 
64 

65 

66 
67 

68 

69 

70 

7 1  

73 

74  

75 

76 

77 

78 

99 
79 

80 

100 

101 

- Anchor Time 
( hr : rnin: s e c 1 

15:23:30 

15:23:30 

15:27:36 

15:34:54 

15:35:48 

15:48:24 

1 6:09:06 

16:19:36 

16:24:42 

16: 27 :3 6 
16:3 1:48 

16:37:36 

16:38:30 

16:47:24 

16:55:36 

17:O 1:30 

17:02:42 

17:11:12 

17: 19:24 

17:28:48 

17:30:42 

17:36:30 

17 :45 :3 6 

17:54:30 

18 : 04: 24 

18: 05: 24 

18:06: 12 

18:07:42 

18: 13:24 

18: 2 I :24 

No. 

28 

80 

80 

18 

80 

26 

43 

80 

80 

80 

80 

80 

80 

80 

80 

5 1  

80 

63 

26 

67 

80 

23 

74  

38 

80 

80 

78  

72 

80 

80 

I 

EMAX 
0 

7 S 

66 R 

66 A 

69 R 
67 A 

45 A 

30 A 

26 A 

24 A 
24 A 

11 A 
78 A 

2 1  A 

20 A 

17 A 
72 A 
18 A 

17 A 

18 A 
68 A 

21  A 

15 A 

14 A 
22 A 

65 A 

24 N 

24 A 

13 A 

24 N 

24 N 
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Table 3-10. Summary  of Radar  Data  for  Apollo 6 
(Coast  Phase) (Continued) 

Code 

CROS 
CROS 

CROS 
CRQS 
CROS 
CROS 
CROS; 

CRQS 
CROS 
CRQS 
GRQS 
CRQS 
GWMS 
GWMS 
GWMS 

GWMS 

GWMS 
WTNS 

_j 
Batch 

102 
82 
83 
84 
85 
86 
87 

88 
89 
90 
91 
92 
93 
95 
97 
98 
96 
103 

Anchor Time 
(hr :min: s ec ) 

18: 29: 24 
18:33;48 
18:57:36 
19:21:36 
19:45 :30 
20:09:30 
20:28:Q6 
20:36: 12 
20:44: 12 
20:52: 12 
2 1:oo: 12 
21:08:12 
2 I: 1654 
2 1:24:54 
21:30:00 
2 1:3 1:36 
21:32:54 
21:36:02 

No. 

10 

80 
80 
80 
80 
80 
80 
80 
80 
80 
80 

59 
80 
51 
16 
13 
15 
10 

- 
EMAX 
0 
24 
25 
25 
26 
27 
27 
27 
28 
28 
27 
27 
24 

9 
13 
14 
14 
12 
50 

- A/R 

N 
A 

A 

A 
A 

A 
A 

A 

A 
A 

A 
A 
A 
A 

S 
A 

A 
A 
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Table 3 - 1 1. RTCC Comparison Summary 

Station 

ANRC 

ACNS 

ACNS 

ASCC 

ASCC 

ACNS 

ASCC 
ACNS 

CROC 

PRE C 

ASCC 
ACNS 
CROC 
PRE; C 
ASCC 

ACNS 

CROC 
PRE C 
CROS 

ASCC 
ASCC 

CROS 

PREC 
CROC 

ASCC 

CRO$ 
CROS 

CROS 

CROS 
CROS 

Batch 

62 
49 
52 

55 
57 

58 

59 
60 
61  
64 
65 

66 
67 

68 

69 
70 

7 1  

73 

7 4  

75 

76  

77 

78  

79  

80 

82 

83 

84 

85 

86 

Anchor Time 
(br :min: s ec 1 

15:23:30 

15:27:36 

15:3 5:48 

15:48:24 

15:09:06 

16: 19:36 

16: 24:42 

16:27:36 

16:3 1:48 

16:37:36 

16:38:30 

16:47: 24 

16: 55:3 6 

17;01:30 

17:02:42 

17: 11: 12 

17: 1 9 ~ 2 4  

17:28:48 

17:30:42 

17:36:30 

17 :45 : 3 6 
17: 54: 3 0 

18: 04: 24 

18:06: 12 

18:07:42 

18:33:48 

18:57:36 

19:21:36 

19:45:30 

20:09:30 

max E 

0 
7 

66 
67 

45 

30 

26 

24 

24 

11 

78 

21  

20 

17 

72 

18 

17 

18 

68 

21 

15 

14 

22 

65 

24 

13 

25 

25 

26 

27 

27 

BET 

1 
1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
1 

1 

1 

2 

2 

2 

- 
AR 
0 
1,665 

879 

1,999 

4,776 

7,784 

12,015 

11,902 

14, 194 

9,405 
11,281 

11,398 

11,983 

10, 647 

11,256 

io,  739 

10, 710 

10, 015 

9,800 

9,350 

9,012 

8,766 

8, 114 

6, 150 

4,901 

4,683 

3,041 

2, 190 
2,624 

3, 018 

4,430 

AV 
(ft/sec) 

4. 23 

4. 6 1  
5. 34 

4. 11 

2. 77 

2. 88 

2. 46 

2. 70 

1. 46 

1. 23 

1. 22 

0, 96 
0. 55 

0. 39 

0. 12 

0. 20 

0. 34 

0. 5 1  

0.57 

0. 67 

0. 73 

0. 83 

1. 04 

1. 07 

1. 06 

1. 08 

1. 00 

0. 99 
1. 03 

2. 14 
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Table 3 -1  1. RTCC Comparison Summary (Continued) 

Station 

CROS 
GROS 
CROS 
CROS 
CROS 

CRQS 
GWMS 
CWMS 
G W W  
GWMS 
GWMS 

Batch 

87 
88 
89 
90 
91 
92 
93 
95 
97 
98 
96 

Anchor Time 
(hr:min:sec) 

20:28;06 
20:36: 12 
20:44: 12 
20:52: 12 
21:00:12 

21:08: 12 
21:16:54 
2 I :24:54 
21:30:00 
21:31:36 
21:32:54 

max E 

0 
27 
28 
28 
27 
27 
24 

9 
13 
14 
14 
12 

AV 
- BET Ift, jft / s e c ) 

2 7,442 2. 75 
2 14,768 3.54 
2 18,835 3. 42 
2 19, 409 2. 84 
2 13, 593 2. 21 
2 7,795 2. 14 

' 3  1,987 4. 10 

3 1,051 4.01 
3 13,781 36. 16 
3 11,986 36.55 
3 11,663 35.30 
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During the last 1 1 / 2  hours of the coast ellipse, 20 hours GMT to 

entry, the RTCC vector comparisons were worse on the Apollo 6 flight 

then on the ApsJJo 4 flight. 

this situation. 

There are a number of possible reasons for 

These reasons are listed as follows: 

0 Unmodeled forces such as water boiler vent and irnper- 
fectly coupled RCS thrusting had a more significant 
effect on the trajectory during this period of the flight. 

0 The only data available were CROS data which resulted 
in single station fits. 

An RTCC data weighting scheme which weighted the biased 
Y-angle data too heavily would affect the resultant 
estimate of the trajectory. 
discussed in the previous section, 

a 

This situation has been 

The summary of special comparisons can be found in Table 3-12.  

The vectors are time ordered according to anchor time and the total dif- 

ference in poaition and velocity is listed. 

Table 3-12, RTCC Comparison Summary for Special Vectors 

Anchor Time AV 
Vector Description (hr : min: s e c 1 AR (ft) ( f t lsec)  

High-speed Telemetry 

High-speed Radar Cutoff 
Ve ctQr Following S PS - 1 15:24:49. 4 5,926 16. 27 

AGC Navigation Update 

Vector 15:23:40. 15 24,564 3 7 . 0 2  

Prior  to Entry 17:45:36 8 , 7 6 6  0. 73 

The vectpr used to  build the AGC navigation update prior to S P S - 2  

was much better on the Apollo 6 mission than on the Apollo 4 mission, 

cf 8 , 7 6 6  feet versus 15, 219 feet in position and 0 . 7 3  feet per second ver-  
sus 5. 57 feet per second in velocity. 
stations other than Ascension being available to the RTCC. 

This again is the result  of data from 
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A suggested improvement in the RTCC fit procedure is described 

as follows: 

Since the RTCC is  limited in the number of data points that can be 
batched at one time, it is  suggested that during a coast ellipse o r  trans- 
lunar trajectory the data rate be decreased, i. e. from one observation 
per 0. 1 minute to one observation per minute. 

data a r c  represented by a batch of data. 
This will increase the 

The output of the RTCC Comparison Program is  found in Appendix A. 

3 . 5  ENTRY TRAJECTORY RECONSTRUCTION 

The set  of IMU e r r o r s  given in Table 3 - 1  was used to reconstruct 

the entry trajectory from t = 34, 6 2 1 . 4 1  seconds (GRR) to splashdown 

using telemetry data from the AGC. 

state vector from the segment 3 orbital BET (Section 3. 1. 1). 
The trajectory was initialized on a 

Information concerning the actual entry trajectory is available from 
several sources. 

sightings. 

The actual impact point was estimated from optical 

The final estimates are  as follows: 

a )  

b) 

N Latitude = 27O 40'  = 27. 6687O 

E Longitude = 202O 01' = -157. 9833O 

The times of drogue and main chute deployments were determined 

from baroswitch closure times reflected in the telemetry data. 

tudes at which these events most probably occurred were determined from 
baroswitch presettings and measurements of the atmospheric pressure 

profile. 

The alti- 

Experience with the Apollo command module descent rate on the 
main parachutes leads to an expected vertical velocity of 28 to 30 feet per 

second. 

Comparison of the reconstructed trajectory with these known con- 
straints is  given in Table 3-13.  

constraints in an ESF Cartesian frame with origin at the actual impact 

point; (the BET tape contains these coordinates with origin at the planned 
splashpoint, 27.31667O N, -157. 18333O E). 

It i s  most convenient to express the 
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Table 3 - 13. Entry Trajectory Comparison to Known Constraints 

Event 
Known Reconstructed 

Constraints T r aj e c to ry  

D rogue D e ployment p (UP) 
t = 35,486.25 sec (GRR) 23,600 f t  22, 548 f t  

Main Chute Deployment p (UP) 
t = 35,532.25 sec (GRR) 10,900 f t  9, 805 f t  

Splashdown p (UP) 0 51 f t  

Q (south) 0 6, 084 
R (east) 0 22,688 

-28 to -30 f t /sec 
+ (UP) 

-26.4 ft /sec (average) 

The only significant difference from the known constraints is that 

the reconstructed impact point is about 3. 8 nautical miles east of the 
visual sighting. 

Figure 3-9  illustrates the altitude - time history of the entry BET 

from drogue deployment to splashdown. 
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APPENDIX A 

c 

APOLLO 6 RTCC COMPARISONS 

The output of the RTCC Comparison Program is listed for each 

vector appearing in Table 3 -1 I and Table 3 -12. 

are listed in the order of occurrence in Table 3 -1 1 and Table 3 -12. 

definitions of the symbols used are as follows: 

The vector comparisons 

The 

Symbol 

SEMIMAJOR 

ECCEN 

INC L 

NODE 

ARG PERIGEE 

TRUE ANOM 

PERIOD 

APOGEE 

PERIGEE 

Definition of Symbols for RTCC Comparison 

Components of the position and velocity vector 
referenced to a geocentric, inertial, Cartesian, 
coordinate system. It is a right-handed system 
where the X-axis  lies in the t rue equatorial plane 
in the direction of the Greenwich meridian at 
Oh day of launch, the Z-axis  is orthogonal to the 
true equatorial plane, and the Y - a x i s  completes 
the right-handed system. 
radi i  and earth radii/ hour. 

The units are earth 

Semimajor axis (ft)  

Eccentricity of the orbit 

Inclination of the orbit plane to the equator 
measured positive counterclockwise from the 
equatorial plane to the orbit plane at the ascend- 
ing node (deg) 

Right ascension of the ascending node (deg) 

Argument of perigee measured positive in the 
direction of motion from the ascending node 
(deg) 

True anomaly measured positive in the direction 
of motion (deg) 

Osculating period of the orbit (min) 

Altitude of apogee above a reference sphere 
(n mi) 

Altitude of perigee above a reference sphere 
(n mi) 

A - I  



Svmbol 

VEL-MAG 

FLT PATH 

HEADING 

DECLIN 

LONG 

HEIGHT 

DELTA VDOT ' 

DELTA U 
DELTA V 
DELTA W 
DELTA UDOT 

DELTA WDOT 

DELTA POS 

DELTA V E L  

Definition of Synnbols for RTCC Comparison 

Magnitude of the inertial velocity vector ( f t /  sec) 

Flight path angle measured positive downward 
from the local vertical  (deg) 

Azimuth of the velocity vector measured positive 
east of true North (deg) 

Declination (deg) 

Longitude of the vehicle measured positive east  
of the Greenwich meridian (deg) 

Height of the vehicle above a reference sphere 
(n mi) 

Difference between the RTCC and ESPOD- 
developed components of the position and velocity 
vector in a vehicle-centered, coordinate 
system where the U-ax i s  is collinear with the 
earth-centered inertial radius vector and is directed 
outward, the V-axis l ies  in the orbit plane and is 
orthogonal to the U-axis,  and the W - a x i s  completes 
the right-handed system. 

Magnitude of the difference between the RTCC posi- 
tion vector and the ESPOD -developed position 
ve ctor. 

Magnitude of the difference between the RTCC 
velocity vector and the ESPOD -developed velocity 

' vector 
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APPENDIX B 

SUPPLEMENTARY DATA 

Information which is  too detailed for the body of the report  is pre-  

sented in this appendix. 

observations, a summary of station locations, a summary of drag values 

for various phases of the mission, and a summary of the radar data 

weights used in ESPOD. 

Table B-1 ,  a summary of data observations, lists the time of the 

This information includes a summary of radar 

f i rs t  valid data point with an elevation above 3 degrees ( r i s e  time) and the 

elevation of this data point ( r i s e  elevation), the maximum elevation of the 

pass, the time of the las t  valid data point with an elevation above 3 degrees 
(set  time) and the elevation of this data point (set  elevation), and the num- 

ber of valid data points by station and revolution. 

Table B-2 l ists  the C-band station locations used in ESPOD. These 

locations a re  referenced to the Fischer Ellipsoid of 1960.  

Table B-3 l ists  the S-band station locations used in ESPOD. These 

locations a re  referenced to the Fischer Ellipsoid of 1960.  

Table B-4,  the drag summary, l ists  the vehicle configuration, the 

time interval for which the listed drag value is valid, vehicle weight for 

this time interval, vehicle cross  sectional area,  and the value of the drag 

parameter. 

Table B - 5  l ists  the values used by ESPOD to weight the radar track- 
ing data from each station as a function of data type and radar type. 
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APPENDIX C 

METHODS O F  ANALYSIS AND PROGRAMS 

This Appendix outlines the methods of postflight trajectory analysis 

and describes the major programs used in this work. 

Orbit Reconstruction Programs 

Low-speed tracking data fo r  a mission a r e  received from MSC on a 

magnetic tape. 
(MATAG) Program which reformats the data into a format that is  compat- 

ible with the TRW orbit determination program (ESPOD) and generates a 

time-ordered master data tape. 

the ESPOD Data Generator (EDG) Program which edits the master data 

tape and outputs the data in the form of tape or  cards. 

The data tape is input into the Master Tape Generator 

The master data tape is then input into 

The ESPOD Program determines the state vector for  a spacecraft 
at  a given epoch and the covariance matrix of uncertainties. 

accomplished by an iterative process which minimizes the weighted sum 

of the squares of the residuals, where the residuals a re  the difference 

between the actual observations and the computed observations based 
upon a current estimate of the spacecraft trajectory. 

the capability of including in the solution vector such parameters as  drag 
(CdA/2m), radar e r rors ,  and station location errors .  

This is 

ESPOD also has 

There exist two versions of ESPOD, both of which have the general 
The USB ESPOD is distinguished by the fact capability described above. 

that it can process RAER, RXY, and doppler radar tracking data, It does 

not, however, have the capability of modeling burns. The IGS ESPOD, in 
contrast, can only process RAER radar tracking data even though it does 

have two burn models, the LOP burn model and the IGS burn model. The 

LOP burn model uses an analytic thrust acceleration model - constant 

thrust oriented along the roll axis. 

roll axis a re  some of the parameters that can be included in the solution 
vector. 
telemetered data which is then input into ESPOD. 
gyro e r rors  may be modeled o r  included in the solution vector. 

Thrust/mass ratio, and orientation of 

The PGS burn model uses an acceleration burn tape based on 
Accelerometer and 

c-1 



After a best estimate of the trajectory (BET) is obtained in ESPOD, 
a trajectory tape is generated and input into the RTCC Comparison 
Program. 

means of state vector differences exhibited in various coordinate systems. 
The total difference in position and velocity is also listed. 

This program compares the RTCC trajectory and the BET by 

Guidance and Navigation Programs 

The spacecraft trajectory during thrusting periods after S-IVB 

separation is reconstructed from inertial measurement data telemetered 

from the guidance and navigation system. Before an accurate recon- 
struction can be undertaken, it is necessary to determine the systematic 

e r rors  present in the guidance system hardware so  that appropriate 

corrections to the IMU data can be made. 
reconstruction may be divided into three general areas. 

Data Processing 

This procedure for trajectory 

The three sources of trajectory data used in Apollo IMU evaluation 

must be formated so that they a re  compatible with the trajectory com- 

puting programs. 

The G&N Processor Program is used to edit Apollo 
downlink telemetry data and produce a regular 
ephemeris of measured position, velocity, and 
acceleration. 

The S-IVB Processor Program is used to inter- 
polate the S-IVB IU trajectory to the AGC/LGC 
time base and rotate the data into appropriate 
coordinate frames. 

The General Data Processor Program is used to  
smooth, interpolate, and rotate high-speed 
tracking data (GLOTRAC, C-band) to  an appro- 
priate time base and coordinate frame. 

IMU Evaluation 

Determination of the systematic e r ro r s  present in the Apollo guidance 
system is based primarily on comparisons of the trajectory (sensed and 
total) as measured by the AGC/LGC, with S-IVB and GLOTRAC trajec- 
tories. 

analysis because of the relatively long time duration with high acceleration 

The boost phase of any mission is the most important for this ' 
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levels. 

in the following paragraphs. 

The two principal tools used in IMU e r r o r  analysis are discussed 

a) The E r r o r  Analysis Program (EAP) is used to 
compute the partial  derivatives of sensed 
position, velocity, and acceleration 
(aPs/aEk, aVs/aEk, aAs/bEk) with respect 
to each of the e r r o r  terms, Ek, in the Apollo 
IMU e r r o r  model. The input which drives 
the EAP is the edited ephemeris of sensed 
acceleration obtained from the G&N Processor 
Program. 

The Velocity Comparison Program (VELCOMP) 
corrects the Apollo sensed trajectory profile 
using the EAP partials and the best estimates 
of the IMU er rors ,  Ek. It then compares the 
corrected trajectory (in both sensed and total 
coordinates) with external reference trajectory 
data (S-IVB and GLOTRAC). The recovered 
set of IMU er rors  must, of course, be com- 
patible with the preflight test history of the 
onboard guidance system and with the known 
trajectory constraints during later phases of 
the mission. 

b) 

Trajectory Reconstruction 

During thrusting periods for which limited external trajectory data 

a re  available, a different technique for trajectory reconstruction is 

employed. 
hardware e r rors  determined from ascent analysis and (2) an accurate 
state vector, (Po, Vo), from the ESPOD program to initialize the total 
trajectory. The Trajectory Reconstruction Program is driven with the 

outputs of the G&N Processor and EAP Programs. 
corrected velocity is computed from: 

This method relies on two external inputs: (I) the set of M U  

At time, ti, the total 

s i  

K aEk 

av 
- V  + V s i - C -  E k + V G i  v T i -  o 

This quantity is integrated to obtain total position, PTi, which is extra- .  
for the next computation of velocity due to gravity, polated to  time, titi' 
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